In the present study, an attempt has been made to investigate the effect of cutting parameters (cutting speed, feed rate and depth of cut) on the cutting temperature in hard turning of AISI 52100 alloy steel using multilayer coated carbide (TiN/TiCN/Al2O3/TiN) insert. Central Composite Design (CCD) was used to perform machining experiments to collect data. Several diagnostic tests were performed to check the validity of assumptions. Significance of the cutting parameters was determined using statistical analysis of variance (ANOVA). The model equation to predict the cutting temperature is also proposed. Response surface methodology (RSM) was employed to determine optimal values of cutting parameters. The ANOVA results indicated that all the three cutting parameters have significant effect on the cutting temperature. Results also revealed that within the range investigated, the cutting temperature is highly sensitive to cutting speed and feed rate. Optimized model indicated 100% desirability level for economy in the conventional turning process. Further, the predicted values of the cutting temperature obtained from regression equation were found to be in close agreement with those of experimental values.
Introduction
In recent times, machining of hard steel is a topic of immense interest for industrial production and scientific research since it offers a number of potential advantages, including lower equipment costs, shorter setup time, high accuracy, fewer process steps, greater part geometry flexibility, and usually there is no need to use cutting fluid during turning of hard steel. It is expected that if hard turning is used to fabricate complex parts, manufacturing costs could be reduced by up to 30 times (Huang et al., 2007; Aouici et al., 2012) .The machining of hardened steels using polycrystalline cubic boron nitride (PCBN) and ceramic tools is widely accepted as a best replacement to costly grinding operations. However, development in the cemented carbide grades, coating materials and coating deposition technologies have attracted many researchers in the field of hardened steel machining using coated carbide tools (Suresh et al., 2012; Sahoo and Sahoo, 2012; Chinchanikar and Choudhury, 2013) .
Most of the energy in the cutting process is largely converted into heat. This heat is generated by plastic deformation and friction at the tool-chip and the tool-workpiece interfaces. The generation of heat during machining increases the temperature in the cutting zone. Increase in the temperature may (i) affect the strength, hardness, wear resistance and life of the cutting tool, (ii) cause difficulty in controlling the accuracy due to dimensional changes in the part being machined and on the machined surface integrity and (iii) cause thermal damage to the workpiece and affect its properties and service life. The temperature in the cutting zone is affected by the cutting parameters: the cutting speed, the feed rate, and the depth of cut. It also depends on the properties of the workpiece material, as well as on the physical properties of the tool.
A large number of analytical and experimental results are available in the literature regarding the influence of the cutting parameters on the temperature of the tool, the workpiece or the chip. Özel (2009) used 3D finite element modelling to study the influence of variable edge micro-geometry of polycrystalline cubic boron nitride (PCBN) tool on the cutting temperature during turning of AISI 4340. Fnides et al. (2008) studied the influence of the cutting parameters (cutting speed, feed rate and depth of cut) on temperature in the cutting zone during dry hard turning of AISI H11 steel treated at 50 HRC using a mixed ceramic tool (insert CC650) . They noticed from their study that the effect of cutting speed on the temperature in the cutting zone is more significant than the feed rate and depth of cut. Lin et al. (2008) investigated the effect of cutting speed on cutting temperature in turning of high hardness alloy steels (AISI 4340) by CBN tools. It was observed from their investigation that the cutting temperature increases with increase in the of cutting speed. Bouchelaghem et al. (2010) investigated the effect cutting parameters on hard turning of AISI D3 (60 HRC) using CBN tool. Their results showed that increase in the value of cutting parameters results in an increase in the cutting temperature. They also observed that longer cutting time leads to larger wear which in turn increases the temperature in the cutting zone. Aouici et al. (2010) studied the influence of cutting parameters on the cutting temperature during dry hard turning of AISI H11 steel using CBN insert. They used RSM technique to determine the relationship between the cutting parameters with the desired response i.e. cutting temperature. They found that the temperature increases with increase in the cutting speed, feed rate and depth of cut. Abhang and Hameedullah (2010) investigated the effectiveness of MQL technique in reducing the chip-tool temperature during dry turning of EN-31 alloy steel. Their results revealed that the MQL can reduce the chip-tool interface temperature by 20 to 30% depending upon the level of process parameters and work material. Further, they found that the reduction of cutting temperature under MQL condition is high at lower level of machining parameters and low at high level of machining parameters. Amritkar et al. (2012) performed machining of SAE 8620 material at various cutting speed and feed rate using uncoated tungsten carbide tool. They designed and developed a simple and economical tool-work thermocouple set-up for the measurement of the cutting temperature for which they calibrated the set-up in order to establish a relationship between obtained e.m.f. during machining and the cutting temperature. They used regression analysis for establishing the relationship between temperature and the generated voltage. They evaluated the performance of the set-up during machining of different materials like EN19, EN31, mild steel, SS 304 and SAE 8620 using uncoated tungsten carbide tool. Their obtained results confirmed that the set-up is having better accuracy and good repeatability. Further, they suggested that the tool-work thermocouple technique is the best method for measuring the average chip-tool interface temperature during metal cutting.
Several studies pertaining to the turning of hardened alloy steels using CBN or ceramic tools have been performed and models to estimate the cutting temperature during turning have been proposed. However, optimization study and predictive models to estimate the cutting temperature during turning of hardened alloy steels using coated carbide tools are not available. Keeping this in view, an attempt has been made in this paper to investigate performance of coated carbide tool; in terms of cutting temperature under the influence of cutting parameters (cutting speed, feed rate and depth of cut) during CNC hard turning of AISI 52100 alloy steel which is widely used in the automotive, gear, bearing and die industry, etc. The details of the experimental procedure and data analysis including optimization are given in the following sections.
Experimental procedure
AISI 52100 hardened alloy steel was used as workpiece material. The chemical composition of AISI 52100 is shown in Table 1 . CNMG 120408-TN7105 hard multicoated carbide insert (TiN-TiCN-AL2O3-TiN) having nose radius of 0.8 mm was used as cutting tool. The experiments were conducted with three controllable 3-level factors and one response variable. Table 2 shows three controlled factors, i.e., cutting speed (i.e., A (m/min)), the feed rate (i.e., B (mm/rev)), and the depth of cut (i.e., C (mm)) with three levels for each factor. 
Tool -Chip interface thermocouple setup
In studies related to the metal cutting, a thermocouple comprising of tool and work material as its two components is extensively used for the measurement of cutting temperature. In the present study a similar thermocouple was designed and fabricated. A hollow copper rod was held in the machine chuck. Insulation was provided between the chuck and the copper rod to avoid generation of parasitic electromotive force (e.m.f.) and electrical short circuit. The workpiece was inserted in the copper rod. The copper rod passed through the head stock of the lathe machine and its other end protruded outside the head stock. The protruded end of the copper rod was made as a disk and it was partially dipped in the mercury bath so as to act as a cold junction. The cutting tool insert was held in a tool holder and it was also insulated from the lathe machine. The contact area between the cutting tool insert and the workpiece acted as hot junction (Silva and Wallbank, 1999; trent and Wright, 2000; Childs et al. 2000; Komanduri and Hou, 2001) . One terminal of the milli-voltmeter was connected to the tool insert and its other terminal was connected to the mercury bath. During cutting, e.m.f. proportional to the temperature difference between the hot junction and the cold junction was generated due to Seebeck effect and it was measured by the millivoltmeter (Childs et al., 2000; Davies et al., 2007) . The turning length and diameter of the workpiece were kept fixed to 50 mm and 45 mm respectively. The schematic diagram of the tool-chip thermocouple is shown in Fig. 1 . 
Calibration process
For the calibration of the thermocouple, a tool-chip thermocouple junction was fabricated using a continuous long chip of the work material and a multicoated carbide insert by brazing the chip with the carbide insert. A standard Ktype thermocouple was mounted at the site of tool-chip junction.The tool-chip junction was heated with a butane flame so as to simulate the heat generation phenomena in metal cutting. Due to heating there was a rise in the temperature at the tool-chip interface which was digitally displayed. The corresponding e.m.f. generated by the hot junction of the tool-chip was monitored with the help of a digital milli-voltmeter (Dhar and Khan, 2010) . The experimental set up used for the calibration of the tool-chip thermocouple is shown in Fig. 2 where Fig. 2 (a) shows the elements that were used in the calibration and Fig. 2 (b) exhibits the schematic of the set up. 
Results and discussion
In this study, response surface methodology (RSM) based on the central composite experimental design was used for data collection and analysis, since it offers more advantages over other design methods. RSM provides a systematic procedure to determine a relationship between independent input process parameters and output (process response) and this has enabled many researchers to use RSM in their research pertaining to hard turning (Aouici et al., 2010; Bouacha et al., 2010; Aouici et al., 2012; Saini et al., 2012; Mandal et al., 2012; Mandal et al., 2013; Joardar et al., 2013) . Design-Expert software was used to obtain the sequential set of experimental runs of CCD to investigate the influence of three factors (cutting speed, feed rate, and depth of cut) on the response (cutting temperature). The CCD and experimental data are shown in Table 3 . Further, the experimental data were analyzed through Design-Expert software. The results of analysis of variance (ANOVA) are shown in Table 4 which reveals the model to be significant as its F value is 27.80. It may be noted that the model terms with P values (Prob> F) greater than 0.1000 are not significant. In addition, it can also be seen from Table 4 that cutting speed (A), feed rate (B), depth of cut (C), the quadratic value of feed rate (B2), the interaction between cutting speed and feed rate (AB), and the interaction between cutting speed and depth of cut (AC) all have significant effect on the cutting temperature; while the quadratic value of cutting speed (A2), the quadratic value of depth of cut (C2), and the interaction between feed rate and depth of cut (BC) have no significant effect. It is clear from Table 4 that the "Pred R-Squared" of 0.7659 is in reasonable agreement with the "Adj R-Squared" of 0.9270. "Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable and the resulted ratio is 20.926 which indicates an adequate signal. This model can be used to navigate the design space. The "Lack of Fit F-value" of 3.08 implies that the Lack of Fit is not significant relative to the pure error. There is a 12.1% chance that a "Lack of Fit F-value" this large could occur due to noise. Non-significant lack of fit is good because it is desired that the model should fit to the data. The initial model may be improved by removing insignificant model terms from it. For this purpose, backward elimination procedure may be employed to automatically reduce the terms that are not significant. The resulting ANOVA table for the reduced quadratic model is shown in Table 5 . The Model F-value of 50.90 implies that the model is significant. In addition, the parameters A, B, C, B2, AB, and AC are also found to be significant. The "Lack of Fit F-value" of 2.09 implies the Lack of Fit is not significant relative to the pure error. There is a 21.6% chance that a "Lack of Fit F-value" this large could occur due to noise.
The final equation of cutting temperature (T) in terms of coded factor is given below: T=+651.69+60.46A-36.61B+17.52C+62.63B Figure 3 presents the normal probability plot of the residuals for (T). This plot revealed that the residuals either fall on a straight line or are very close to the line implying that the errors are distributed normally. Figure 4 shows that all values of cutting temperature are within reasonable limit. The predicted values of cutting temperature from equation (4) are compared with the corresponding experimental values as depicted in Figure 5 . A perturbation plot was obtained to show and compare the effect of all machining parameters at the centre point on the cutting temperature. The perturbation plot is presented in Figure 6 which reveals the following: (i) the cutting temperature increases significantly with increase in the cutting speed (A), (ii) the cutting temperature decreases significantly with increase in the feed rate (B) and (iii) there is no reasonable increase in the cutting temperature due to increase in the depth of cut. Figure 7 illustrates the main effects of varying the two factors cutting speed (A) and feed rate (B) on cutting temperature with constant level of depth of cut at 0.6 mm. It can be seen from this figure that lower cutting speed and lower feed rate results in lower cutting temperature (T). The influence of varying the two factors cutting speed (A) and depth of cut (C) on cutting temperature and keeping feed rate at constant level i.e. 0.16 m/rev is depicted in Figure 8 . From this figure it is observed that lower cutting speed and lower depth of cut results in lower cutting temperature. 
Optimization of cutting condition
In the present study, desirability function optimization of the RSM has been employed for single response optimization. The use of response surface optimization helps to find the optimal values of cutting parameters in order to minimize the cutting temperature during the hard turning process. Table 6 shows the constraints and parameter ranges used during the optimization process. Table 7 shows the RSM optimization results for the input process parameters and the response i.e. cutting temperature. It can be seen from Table 7 that the optimized value of cutting temperature is within the range (566.593 C˚-592.028 C˚) at optimized values of cutting speed, feed rate, and depth of cut within the range (100.12 m/min-250.00 m/min) , (0.13 mm/rev-0.22 mm/rev), (0.20 mm -0.85 mm) respectively. 
Conclusion
The present study focused on using tool-chip thermocouple technique to measure the cutting temperature during turning of AISI hard alloy steel using multilayer hard surface coatings (TiN/TiCN/Al2O3/TiN) insert. The effect of cutting parameters (cutting speed, feed rate, and depth of cut) on cutting temperature was analyzed using RSM. Based on the results of the present study, following conclusions are drawn:
The tool-chip thermocouple technique is the most effective method for measuring the average tool -chip interface temperature during metal cutting. The implementation of tool-chip thermocouple is easy and economical as compared to other temperature measurement techniques. Multilayer hard surface coatings (TiN/TiCN/Al2O3/TiN) insert can be efficiently and economically used for turning hardened steels under dry condition. CCD based RSM can be perfectly used to model the relationship between cutting parameters and performance characteristics. The cutting temperature is influenced principally by the cutting speed, feed rate, depth of cut, the quadratic value of feed rate, the interaction between cutting speed and feed rate, and the interaction between cutting speed and depth of cut as evident from ANOVA results. The developed mathematical model is able to predict the values of cutting temperature for different combination of input parameters very close to experimental values. The optimal cutting temperature is found to be within the range (566.593 C˚-592.028 C˚) at the following setting of machining parameters: cutting speed within the range (100.12 m/min-250.00 m/min), feed rate within the range (0.13 mm/rev-0.22 mm/rev) and depth of cut within the range (0.20 mm -0.85 mm) and the desirability of this optimized condition is about 100%. The experimental and statistical approaches used in this study present a reliable methodology to optimize and to improve the hard turning process. Further, these approaches can also be extended efficiently to study other machining processes.
